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ELECTROPHYSIOLOGIC STUDIES 
Fast Fourier Transformation of the Entire Low Amplitude Late QRS 
Potential to Predict Ventricular Tachycardia 
DAN L. PIERCE, MD, ARTHUR R. EASLEY, JR., MD, FACC, JOHN R. WINDLE, MD, FACC, 
TOBY R. ENGEL, MD, FACC 
Omaha, Nebraska 
Signal-averaged electrocardiograms (X, Y and Z leads) 
were acquired from 24 patients with coronary artery dis- 
ease and recurrent ventricular tachycardia, 24 control 
patients with coronary artery disease and 23 normal sub- 
jects to assess the discriminant value of fast Fourier trans- 
formation of the entire late potential period of the QRS 
complex. Analysis of the vector magnitude in the temporal 
domain (25 to 250 Hz bandpass filters) measured high 
frequency QRS duration, the duration of terminal signals 
<40 PV and the root mean square voltage of the last 40 ms. 
Late potentials were defined as terminal signals >25 Hz 
that were <40 pV. Analysis in the frequency domain used 
a 120 ms window that encompassed (had onset with) all of 
the late potential, but the mean value was first subtracted to 
eliminate a direct current component. High frequency 
spectral areas (60 to 120 Hz) and the percent high fre- 
quency (100 x [60 to 120 Hz/O to 120 Hz]) were calculated. 
Results in both temporal and frequency domains were 
similar in control patients with coronary artery disease and 
normal subjects. Patients with ventricular tachycardia had 
a longer high frequency QRS complex (p < 0.0001) and 
The use of fast Fourier transformation of signal-averaged 
electrocardiograms (ECGs) to predict ventricular tachycar- 
dia is controversial (1-S). One reason for this controversy is 
the differing mathematic treatments of the transformed sig- 
nals. We present an analysis that can be performed using 
commercially available programs. Discrepant results have 
also stemmed from analyzing regions of the ECG that are not 
well defined or are difficult to reproduce. We precisely 
defined the region of interest to enable comparison studies 
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longer high frequency terminal signals <40 PV (p < 
0.0004), but not significantly lower voltage in the last 40 ms. 
The most useful temporal domain measurement was high 
frequency QRS duration (if 2120 ms, odds ratio = 8.2). 
Patients with ventricular tachycardia had increased high 
frequency spectral areas (p < 0.0002) in the late potential, 
and the percent high frequency was especially increased 
(p = 0.0000; if percent high frequency ?3.1%, odds ratio 
= 18.4). 
The odds ratio and the area under the receiver operating 
characteristic curve were both greater for percent high 
frequency than for high frequency QRS duration (p < 
0.03). All patients with ventricular tachycardia had a high 
frequency QRS complex 2107 ms or percent high fre- 
quency 23.1% (sensitivity 100%). For a high frequency 
QRS complex 2107 ms and percent high frequency 
r3.1%, specificity was 96%. Therefore, high frequencies 
in late potentials, not their duration or reduced voltage, 
most usefully identify patients with coronary artery disease 
who are prone to ventricular tachycardia. 
(J Am Co11 Cardiol1989;14:1731-40) 
(of interventions or drug effects) and to enable duplication by 
other laboratories. Importantly, this involved analyzing the 
entire low amplitude late QRS potential. 
An additional aim of our study was to analyze normal 
subjects (as compared with control patients with heart 
disease but not ventricular tachycardia) to learn if coronary 
artery disease itself was a confounding factor that altered our 
analysis of the frequency content of late potentials. Gomes 
et al. (6) observed differences in the temporal domain in 
patients with heart disease (two-thirds with coronary artery 
disease) who did not have ventricular tachycardia versus 
normal subjects. Worley et al. (3) found the differences 
between normal subjects and patients with myocardial in- 
farction without ventricular tachycardia to be most striking 
in frequency analysis of a window early in the QRS complex. 
In summary, we reviewed signal-averaged ECGs from a 
group of normal subjects and patients with coronary artery 
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disease using a fast Fourier transformation routine that could 
be repeated by others. 
Methods 
Study patients. Signal-averaged ECGs were acquired 
from 71 individuals who were not taking antiarrhythmic 
drugs. Noisy tracings (> 1 .O PV zero mean standard devia- 
tion of vector sum for the TP interval) from an additional 
eight patients were excluded from analysis. 
Patients were selected in three ways. Group I consisted of 
normal volunteers (hospital staff) or patients with normal 
coronary angiograms and ventricular function at cardiac 
catheterization. Group II included patients with coronary 
artery disease, confirmed by coronary angiography and left 
ventriculography, without a history of sustained ventricular 
arrhythmias. These were mostly enlisted in an on-going 
study of coronary angioplasty in which the signal-averaged 
ECG was recorded before the procedure. None had unstable 
angina pectoris or acute Q wave myocardial infarction within 
3 days of study. Three had electrophysiologic study, which 
was negative. Group III consisted of patients with coronary 
artery disease and cardiac arrest, syncope or clinically 
recurrent sustained ventricular tachycardia. In all but two 
patients, ventricular tachycardia was repeatedly induced by 
one to three twice-threshold extrastimuli (one patient died 
before the study could be done). Signal-averaged ECGs were 
acquired from patients in Groups I and II under protocols 
approved by the Investigational Review Board of the Uni- 
versity of Nebraska Medical Center; they were acquired 
from patients in Group III for clinical purposes. 
Acquisition and analysis of signal-averaged electrocardio- 
grams. Recordings were made with a Corazonix ECG sys- 
tem and analyzed with a Predictor 4.1 program. The follow- 
ing orthogonal X, Y and Z leads were used: left and right 
midaxillary lines at the fourth intercostal space (x); proximal 
left leg and manubrium (y) and V, and directly posterior (z). 
At least 200 beats were averaged, and analog to digital 
conversion with a dynamic range of 16 bits was performed at 
a sampling frequency of 2,000 Hz. The trigger point was the 
QRS complex, and 10 correlations were made over a 25 ms 
window manually selected by cursor. Beats with a correla- 
tion coefficient (r) co.99 were excluded. 
The EC& were analyzed in the temporal domain using 
bidirectional (Butterworth) fourth order 25 to 250 Hz band- 
pass filters. Noise levels were determined from the TP 
segment, and QRS end oints were identified when the 
vector magnitude ( d+ x + y + z ) was >3 standard devia- 
tions of baseline noise. The following measurements were 
made: total high frequency QRS duration, duration of termi- 
nal low amplitude QRS signals ~40 PV and root mean 
square voltage of the last 40 ms. 
Fast Fourier transformation was done on the window 
described below, multiplied by a Blackman-Harris window 
to avoid edge discontinuities. Data were set at the beginning 
of the array, and the remaining elements were set to zero 
(padded with zeros to 600 points). Before fast Fourier 
transformation, but after zero padding, the mean of all data 
values was subtracted after windowing (7), and a fast Fourier 
transform was calculated using a “chirp z” algorithm. The 
spectrum was plotted on a voltage scale without normaliza- 
tion. The spectral areas between 60 and 120 Hz and between 
0 and 120 Hz and the ratio of these areas were calculated for 
each ECG lead and then averaged ([X + Y + Z]/3). Percent 
high frequency was thus considered to be (100 x [60 to 120 
Hz/O to 120 Hz]), there being scant voltage >120 Hz. 
Contamination with 60 Hz line voltage was not excluded 
by a 60 Hz filter. However, no patient had spectral peaks 
reiterated at 60, 120 and 180 Hz, and we never saw a relative 
increase at 60 Hz that was consistent in all three leads. These 
observations argue against contamination with 60 Hz line 
voltage. 
We chose a window of 120 ms duration. A variable 
window such as the ST segment was not used because the 
spectrum is composed of harmonics of the fundamental 
frequency that depend on segment length. Kelen et al. (2) 
exemplified the importance of using a window of fixed 
duration by observing that as little as a 3 ms change resulted 
in dramatic changes in area ratios. Resolution is a function of 
window duration, but too long a window can attenuate the 
contribution of brief late potentials at it onset (when multi- 
plied by the Blackman-Harris window) and tends to involve 
the T wave. Haberl et al. (5) reported that a 120 ms window 
best resolved 60 to 120 Hz in diagnosing ventricular tachy- 
cardia. In contract to Haberl et al. (5), we did not use QRS 
termination to delineate window onset (they defined the end 
of the QRS complex when vector velocity was <5 mV/s and 
then analyzed a segment that began 20 ms within the QRS 
complex). Instead, to ensure that the window encompassed 
all of the late potential without including voltages from the 
QRS complex itself, and at the same time to select a 
consistently reproducible window onset, we chose onset as 
the time when vector-summed QRS forces last decreased to 
below 40 PV (at 25 to 250 Hz). This has been used by 
Machac et al. (8) in a preliminary report to establish repro- 
ducible threshold voltage in windowing for frequency anal- 
ysis. 
Late potentials were thus defined as high frequency (that 
is, 25 to 250 Hz) terminal signals ~40 pV, ~40 PV being 
taken as the onset of late potentials in most reports (2- 
4,9,10) evaluating the temporal domain with various high 
pass filters. The computer-derived window onset could then 
be reproducibly selected, yield a reproducible window offset 
and define a window including all of the low amplitude late 
potential but no high amplitude QRS signals. In this study, 
window onset, spectral areas and area ratios were perfectly 
reproduced by separate observers on blinded reanalysis of 
patients. 
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Table 1. Summary of Results in the Three Study Groups 
Group I 
(normal Group II Group 111 
subjects) (CAD control) (CAD VT) Normal Range p Value 
Including IVCD (no.) 23 24 24 - - 
No IVCD (no.) 23 23 16 - - 
Age (yr) 41.3 + 16.6 56.2 i- 14.3 60.8 i- 10.7 - - 
HFQRS (ms) 98.97 ? 9.92 103.46 ? 14.89 120.42 ? 23.41 97.50-109.42 <O.OOOl 
HFQRS, no IVCD (msi 98.97 ? 9.92 101.78 + 12.21 115.56 t 25.72 96.79-106.66 <0.007 
LAS ~40 pV (ms) 23.61 + 8.70 26.75 ? 9.05 37.54 ? 16.59 23.13-30.37 <0.0004 
LAS <40, no IVCD (ms) 23.61 f 8.70 26.61 It 9.22 36.56 + 17.5X 22.85-30.37 co.005 
RMS last 40 ms @Vl 73.57 + 45.85 53.33 t 44.32 46.61 + 49.13 35.60-71.06 NS 
RMS, no IVCD (PVI 73.57 + 45.85 54.75 + 44.74 50.0X f 49.65 36.4G73.04 NS 
HF (60 to 120 Hz) (mVl 0.452 2 0.260 0.450 + 0.179 I.161 ? 1.062 0.378~).5?2 <0.0002 
HF. no IVCD (mV) 0.452 ? 0.260 0.454 k 0.182 l.lX5 2 1.200 0.379-0.522 <0.0009 
%HF 2.35 f 1.55 2.36 i I.90 5.32 2 2.82 1.60-3.12 0.0000 
% HF. no IVCD 2.35 t 1.55 2.35 It I.95 4.90 ? 2.18 1.60-3.13 o.oiXm 
CAD = coronary artery disease: HF = high frequency (60 to 120 Hz) area: HFQRS = high frequency QRS complex: LAS = low amplitude signal; no IVCD 
= data from patients with intraventricular conduction delay >I20 ms were excluded: % HF = (I00 x 160 to 120 Hz/O to 120 Hz]): RMS = root mean square. 
Normal range refers to mean k I.96 standard error of the mean for patients with coronary artery disease (control subjects). Probability refers to significance level 
by ANOVA of ventricular tachycardia vs. normal and control subjects. For the high frequency QRS complex, low amplitude signal and root mean square 
determinations. bandpass filters of 25 to 250 Hz were used. For the high frequency area and percent high frequency determinations. a 120 ms window, beginning 
when the last vector magnitude was 40 FV. was used. data are expressed a\ mean values -t SD. 
Some patients in Groups II and II had an intraventricular 
conduction delay >120 ms or bundle branch block, but these 
patients were not excluded from study. In this retrospective 
survey, signal-averaged ECGs were acquired with a 2,000 
Hz sampling frequency. This resulted in a recording width of 
300 ms, and we had chosen 100 ms as the fiducial point. 
Three patients with ventricular tachycardia and intraventric- 
ular conduction delay had window onset beyond the first 180 
ms of our recording, preventing analysis of all of the subse- 
quent 120 ms (the recording lasting only 300 ms). These 
patients were excluded from our analysis, and we subse- 
quently expanded the recording for patients with intraven- 
tricular conduction delay by reducing the sampling fre- 
quency to 800/s (only one patient), still sampling at a 
frequency far greater than twice the highest frequency (the 
Nyquist frequency or, in this case, 240 Hz) that we interro- 
gated by fast Fourier transformation. 
Statistical analysis. Results were expressed as mean val- 
ues ‘- SD and compared by one-way analysis of variance 
using ABstat 4.15 (Anderson-Bell). Normal ranges for the 
duration of high frequency QRS and low amplitude signals, 
root mean square terminal voltage, high frequency spectral 
area and percent high frequency were derived from control 
(Group II) patients and defined by mean ? 1.96 SEM. 
Sensitivity was the probability that a measurement was 
beyond the normal range (or a normal value set by other 
criteria) in the group with ventricular tachycardia (Group 
III). Specificity was the probability that the measurement 
was within the normal range (or normal values) in control 
patients with coronary artery disease (Group II). The odds 
ratio was the product of the true positive rate (percent 
sensitivity) and true negative rate (percent specificity) di- 
vided by the product of the false negative rate (100 minus 
percent sensitivity) and the false positive rate (100 minus 
percent specificity). Odds ratios for variously defined mea- 
surements and criteria were compared by chi-square analy- 
sis. Receiver operating characteristic curves were con- 
structed comparing the true positive rate (sensitivity) to the 
false positive rate. The areas under the curves with SEM 
were calculated and compared by the methods of Hanley and 
McNeil (11.12). 
Results 
Normal subjects and control patients with coronary artery 
disease (Table 1). There were 16 male and 7 female normal 
subjects (Group I) (mean age 41.3 2 16.6 years). There were 
17 male and 7 female control patients (Group II) (mean age 
56.2 + 14.3 years) who had coronary artery disease and who 
did not have a history suggesting ventricular tachycardia. 
Eleven did not have a Q wave myocardial infarction (of 
these, only two did not have angiographic wall motion 
abnormalities) and one had left bundle branch block. Table 1 
shows the results of signal averaging, both excluding and 
including the control patient with left bundle branch block. 
Excluding that patient, results were similar in those with and 
without Q wave infarction (for high frequency QRS duration 
102.54 versus 100.70 ms; for the duration of terminal signals 
~40 pV, 26.54 versus 26.70 ms; for root mean square voltage 
of the last 40 ms, 47.81 versus 60.56 kV; for high frequency 
area. 0.467 versus 0.437 mV and for percent high frequency, 
2.30 versus 2.48%: p = NS for all comparisons made). 
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Table 2. Analysis of Data in Patients With and Without Intraventricular Conduction Delay 
Excluding Patients With Including Patients With 
lntraventricular Conduction Delay Intraventricular Conduction Delay 
Sensitivity Specificity Odds Sensitivity Specificity Odds 
(%o) (%l Ratio* (%l (%l Ratio 
HFQRS ~80 ms 100 0 - 100 0 - 
HFQRS 2107 ms 63 61 2.7 71 63 4.2 
HFQRS 2 120 ms 38 91 6.2 54 88 8.2 
LAS 215 ms 100 13 - 100 8 - 
LAS ~30 ms 56 70 3.0 71 58 3.4 
LAS ~40 ms 19 91 2.4 33 92 5.7 
RMS 5187 /.tV 100 4 - 100 4 - 
RMS 536 /LV 50 52 I.1 67 50 2.0 
RMS 525 ~LV 44 83 3.8 50 83 4.9 
HF ~0.26 (mV) 100 13 - 100 13 - 
HF 20.38 (mV) 88 38 4.5 88 42 5.3 
% HF ~2.3% 100 67 - 100 63 - 
% HF 23.1% 81 78 15.1 83 79 18.4 
HF ~3.1% or HFQRS ~107 ms 100 50 - 100 50 - 
HF ~3.1% and HFQRS 2107 ms 52 96 26.0 58 96 33.1 
*By definition, the odds ratio is infinite when sensitivity is 100%. Abbreviations as in Table 1. 
The mean and variation of results were almost identical 
for normal subjects and control patients. However, normal 
subjects were younger than control patients with coronary 
artery disease or patients with ventricular tachycardia and 
coronary artery disease, and we noticed that several young 
normal subjects had an unusually increased percent high 
frequency, despite normal results in the temporal domain. 
Therefore, to assess the risk of ventricular tachycardia in the 
setting of coronary artery disease, we defined normal ranges 
for our laboratory as the mean value ? 1.96 SEM for Group 
II patients with coronary artery disease (control patients). 
Patients with ventricular tachycardia (Table 1). There 
were 19 men and 5 women with sustained ventricular tachy- 
cardia (Group III) (mean age 60.8 ? 10.7 years), 5 of whom 
did not have a Q wave myocardial infarction and 1 of whom 
had left bundle branch block. High frequency QRS and low 
amplitude signals were different (p < 0.0001 and 0.0004, 
respectively) from values in control patients with coronary 
artery disease and normal subjects. However, root mean 
square voltage of the last 40 ms was not significantly less in 
patients with ventricular tachycardia. Eight had an intraven- 
tricular conduction delay (QRS >120 ms). In the remaining 
16 patients with ventricular tachycardia, high frequency 
QRS and low amplitude signal durations remained different 
(p < 0.007 and <0.005, respectively) from those of control 
patients with coronary artery disease and normal subjects. 
High frequency spectral area and percent high frequency 
were greater for patients with ventricular tachycardia (p < 
0.0002 and 0.0000, respectively). This remained true when 
we excluded both control patients and those with ventricular 
tachycardia who had intraventricular conduction delay from 
the analysis. Area and percent high frequency were not 
greater, however (p = NS), when fast Fourier transforma- 
tion was performed for all patients without first subtracting 
out the mean of all data values. 
Temporal versus frequency domain analysis. Table 2 indi- 
cates sensitivity, specificity and odds ratios for each variable 
based on various positive test values listed in order of 
decreasing sensitivity. In the temporal domain, we used a 
definition of normal derived from our data when sensitivity 
was maximized, then used the normal ranges for our labo- 
ratory (Table 1) and finally used definitions of normal de- 
rived from Simson (13) (who maximized specificity). Simi- 
larly, in the frequency domain, we used our data to 
determine 100% sensitivity as well the normal range. The 
odds ratio when sensitivity was 100% is not given because, 
when the normal range is defined to include all those with the 
disease, it follows that all those with a positive test will be 
abnormal. However, this test value (100% sensitivity) is 
useful for identifying patients who are not at appreciable 
risk. In this context, note that when sensitivity is set to be 
lOO%, specificity is greatest for percent high frequency 
(63%). Otherwise, the odds ratio was superior for percent 
high frequency versus each of the temporal domain variables 
(p < 0.03). 
Figure 1 shows individual results for the most useful 
temporal domain measurement (high frequency QRS). Fig- 
ure 2 demonstrates the most useful frequency domain vari- 
able (percent high frequency). Only one of the control 
patients had a conduction delay and, therefore, calculations 
of specificity were not appreciably altered by including such 
patients. This explains why the odds ratio was not reduced 
by including patients with conduction delay and limits the 
argument that our data support the special use of frequency 
JACC Vol. 14, No. 7 
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Figure 1. The most useful measurement in the temporal domain is 
high frequency QRS (HFQRS) duration. CAD control = patients 
with coronary artery disease without ventricular tachycardia. CAD 
VT = patients with coronary artery disease with recurrent ventric- 
ular tachycardia. Filled circles represent patients with intraventric- 
ular conduction delay >120 ms. Solid lines indicate mean values t 
SD of the mean. High frequency QRS was longer in patients with 
ventricular tachycardia (p < 0.0001). 
domain analysis when there is conduction delay (in particu- 
lar, left bundle branch block). On the other hand, those with 
intraventricular conduction delay were evenly distributed 
throughout the range of percent high frequency (Fig. 2), so 
that conduction delay did not explain the greater percent 
high frequency in patients with ventricular tachycardia. 
Most normal subjects and most control patients with coro- 
nary artery disease but none of the patients with ventricular 
tachycardia had a percent high frequency ~2.3%. 
There were two outliers among the control patients with 
coronary artery disease (Fig. 2). The signal-averaged ECG 
had been recorded in one patient subsequent to transmural 
myocardial infarction and coronary artery bypass grafting 
because of very frequent ventricular ectopic beats. It was 
normal in the time domain (high frequency QRS 104 ms, low 
amplitude signal 23 ms, root mean square terminal voltage 47 
PV); however, the percent high frequency was 6.8%. Seven 
months later, this patient had progressive angina, but 90% 
less ectopic beats. Her signal-averaged ECG was then ab- 
normal in the time domain (high frequency QRS 130 ms, low 
amplitude signal 59 ms, root mean square terminal voltage 
9.1 pV), but percent high frequency was virtually unchanged 
(6.3%). Single and double extrastimulation reproducibly 
induced monomorphic ventricular tachycardia (cycle length 
15.0- 
. 
13.0- 
NORMAL CAD 
CONTROL “V”T” 
Figure 2. Percent high frequency in the terminal 120 ms window 
<40 pV. The graph is organized as in Figure 1. Dashed line indicates 
the lowest value seen in the ventricular tachycardia (VT) group 
(100% sensitivity). Percent high frequency was greater in patients 
with ventricular tachycardia (p = 0.0000). Other abbreviations as in 
Figure 1. 
270 ms) despite the administration of procainamide, disopyr- 
amide, encainide and mexiletine. This patient was retained 
in the control group. 
Receiver operating characteristic curves and combined 
analysis. Figure 3 shows receiver operating characteristic 
curves for high frequency QRS duration and percent high 
frequency (all patients) plotting sensitivity or true positive 
rate against false positive rate, without arbitrary selection of 
positive test values. The curves are convex to the upper left 
(high sensitivity with low false positive rate), indicating that 
percent high frequency is a relatively useful test. The area 
under each curve corresponds to the probability of the test 
correctly identifying coronary artery disease patients with 
ventricular tachycardia compared with those without ven- 
tricular tachycardia, and was greater (p = 0.01) for percent 
high frequency (0.865 2 0.055) than for high frequency QRS 
duration (0.697 k 0.077). The curve for high frequency QRS 
duration was similar when excluding patients with conduc- 
tion delay (area = 0.645 k 0.096). Presumably, the difference 
between percent high frequency and high frequency QRS 
duration would have been even greater had more control 
patients had intraventricular conduction delay. The area 
under the curve for percent high frequency was only 0.5469 
2 0.084 when fast Fourier transformation was done without 
first subtracting out the mean of all data values, and this area 
was significantly less that that measured with prior subtrac- 
tion of the mean (p = 0.0000). 
Combining temporal and frequency domain results im- 
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Figure 3. Receiver operating characteristic curves relating true 
positive rate (sensitivity) to false positive rate for percent high 
frequency (%HF) (solid line) and for high frequency QRS duration 
(HFQRS) (dashed line). The diagonal line represents a test where the 
false positive rate is always equivalent to false negative rate, so that 
there is no discrimination between disease and normal, and the test 
is not useful. The area under the percent high frequency curve (0.865 
f 0.055 SEM) was greater than the area under the high frequency 
duration curve (0.697 2 0.077, p = 0.01). The curves were similar 
when patients with intraventricular conduction delay were excluded 
(area 0.851 ? 0.062 and 0.645 ? 0.096, respectively). 
proved the analysis (Table 2). For example, defining a 
positive test as high frequency QRS 2 107 ms or percent high 
frequency 23.1% yielded 100% sensitivity. Defining a posi- 
X,Y,Z 
mv I 
0.10 
0. @I 0.00 
0.07- 
0.06- 
0.=- 
0.04 
t 
Pre -0p 
VT 
mv 
0.10 
0. i Post-OP Figure 4. Fast Fourier transformation in a 
No VT patient whose ventricular tachycardia (VT) 
O.OO- site was surgically resected. All three leads 
(X, Y and Z) are shown in these compositive 
0.07- graphs for illustrative purposes. Preopera- tively (Pre-op) (left panel), there was normal 
0.00- 
conduction and high frequency QRS duration 
was 134 ms (not shown). Postoperatively 
0.0(1- 
(Post-op) (right panel) there was left bundle 
branch block and the total QRS duration was 
147 ms. Both recordings were acquired in the 
0.04- drug-free state. Note that the scale is identical 
for both tracings. Postoperatively, energy 
O.OI- ~60 Hz was virtually eliminated. Mean 60 to 
120 Hz/O to 120 Hz (of X, Y and Z leads) was 
0.02. 0.0382 (3.8%) preoperatively when there was 
recurrent ventricular tachycardia, and 0.0084 
0.01 
o.& 
t 
(0.8%) when there was no longer clinical or 
inducible ventricular tachycardia. 
X,‘ 
tive test as high frequency QRS 2107 ms and percent high 
frequency ~3.1% yielded a specificity of 96% and odds ratio 
of 33.1. 
Representative patients and localization of infarction. Fig- 
ure 4 illustrates increased versus normalized high frequency 
voltages in the same patient. This patient had ventricular 
tachycardia induced on multiple occasions in the presence of 
drugs and underwent saphenous vein-coronary artery by- 
pass surgery, aneurysmectomy and map-guided subendocar- 
dial resection of the earliest activation site of his ventricular 
tachycardia. Postoperatively, he did not have inducible or 
clinical ventricular tachycardia. Before subendocardial re- 
section there was normal conduction, but his signal- 
averaged ECG was abnormal in both the temporal domain 
(high frequency QRS 131 ms, low amplitude signal ~40 PV 
62 ms, root mean square voltage of terminal 40 ms 3.28 PV) 
and the frequency domain (mean 60 to 120 Hz area 0.8475 
mV and percent high frequency 3.82%) (Fig. 4A). After the 
resection (Fig. 4B), he had new onset left bundle branch 
block, obscuring the significance of a high frequency QRS 
complex that was even longer (even though his low ampli- 
tude duration and root mean square terminal voltage became 
normal). His mean 60 to 120 Hz area and percent high 
frequency were normalized (0.2882 mV and 0.8%, respec- 
tively). Parenthetically, these postoperative data were not 
included in the control series. 
Figure 5 lfrom a patient with recurrent ventricular tachy- 
cardia reproducibly induced by a single extrastimulus) is a 
representative example of how analysis in the frequency 
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Figure 5. Tracings from a representative patient 
with recurrent ventricular tachycardia whose sig- 
nal-averaged ECG was normal when analyzed in 
the temporal domain (A). A 25 to 250 Hz band- 
pass filter, high frequency QRS was 80 ms, low 
amplitude signals ~40 PV was 16 ms (the arrow 
indicates where the QRS complex is last 40 /.LV) 
and root mean square voltage of the terminal 40 
ms was 187 ,LLV (filled-in portion of the QRS 
complex). However, when the tracing is analyzed 
in the frequency domain (as in panel B, which 
shows a representative lead and uses the same 
scale as in Fig. 4), there is an excess of voltage 
>60 Hz (compare, for example, with the right 
panel of Fig. 4). Mean high frequency area was 
0.8281 mV and 60 to 120 Hz/O-120 Hz was 0.0780 
(7.8%). both indicating a risk for ventricular 
tachycardia. 
177 
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domain detects ventricular tachycardia when the temporal Taking into account that the sensitivity for detecting late 
domain does not. There were 7 patients among our 24 with potentials in the temporal domain is reduced in anterior 
recurrent ventricular tachycardia whose measurements were myocardial infarction, because inferobasal depolarization 
entirely normal in the temporal domain even when using the occurs later (14.151, did not explain the findings in these 
liberal ranges from Table 1, but all had very abnormal fast seven patients-two had anteroseptal and two inferoposte- 
Fourier transformation (percent high frequency >3.1%). rior infarction, whereas three did not have a Q wave infarc- 
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tion. In this regard, there was a similar distribution of 
anterior Q waves in control patients versus patients with 
ventricular tachycardia (44% versus 53% of Q wave infarc- 
tions) despite ejection fraction being depressed, when avail- 
able, in the patients with ventricular tachycardia (0.57 ? 0.14 
versus 0.37 + 0.16, p < 0.0002). 
Discussion 
Three side by side comparisons (3-5) of temporal versus 
frequency domain analysis of signal-averaged ECGs for the 
risk of ventricular tachycardia yielded different results when 
different windows of interest were examined or different 
mathematic strategies in the fast Fourier transformation 
were used. We tried to isolate the entire late potential in the 
window we used (with the aim of doing subsequent drug 
studies) and found frequency analysis to be superior to time 
domain analysis in our laboratory. 
Previous studies comparing time domain with frequency 
domain analysis. Machac et al. (4) found the energy content 
in all frequency bands in the terminal 40 ms of the QRS 
complex to be diminished in patients with ventricular tachy- 
cardia (the root mean square voltage was less in all frequen- 
cies equivalently). The information content (taking into 
account true positive and false positive probabilities) was 
greater when using the temporal domain (especially when 
looking at high frequency QRS duration X30 Hz). Specifi- 
cally, they looked at the last 40 ms before QRS termination 
and also windows including that 40 ms plus much of the ST 
segment (that is, 190 and 256 ms wide). In a preliminary 
study (8), Machac et al. also examined segments beginning 
with low amplitude (~40 pV) signal onset, as we did in the 
present study, and looked at the first 40 ms as well as at 
wider windows (190 and 256 ms) including all of the low 
amplitude signal but also the prior 40 ms of high voltage 
QRS. They concluded that no useful information was con- 
tained in the first 40 ms of the low amplitude signal or the ST 
segment and that a uniform decrease in all frequency bands 
corresponds to the decreased root mean square voltage in 
patients with ventricular tachycardia. However, the window 
width one uses represents a compromise between increasing 
resolution (wider windows) or focusing on the area of 
interest (with a narrow window). Thus, their 40 ms windows 
might have had insufficient resolution or not have contained 
all the late potential. Conversely, their wider windows 
containing much of the ST segment could have missed or 
diluted the contribution of the late potential. Their analysis 
differed from ours in two other respects. They did not 
subtract out the mean, and they formed ratios of high 
frequency (in their case, 70 to 120 Hz) to low frequency (0 to 
20 Hz) rather than to all energy (in the present study we used 
a 0 to 120 Hz denominator). 
Worley et al. (3) found frequency analysis to identify 
patients with myocardial infarction with ventricular tachy- 
cardia by using a 140 ms window starting 60 ms after QRS 
onset (that is, not including much of the ST segment or T 
wave). However, multivariable analysis showed high fre- 
quency QRS duration to be the only independent predictor 
of ventricular tachycardia. Again, their window was not 
restricted to the low amplitude late potential, they did not 
subtract out the mean value before fast Fourier transforma- 
tion and they looked at lower frequencies than we did (20 to 
50 Hz/O to 20 Hz). 
Haberl et al. (5) found frequency analysis to be more 
specijc than time domain analysis without loss of sensitivity 
(their study included patients with bundle branch block). 
Twenty-one of 30 patients with ventricular tachycardia had 
late potentials in the time domain and abnormal spectral 
areas (60 to 120 Hz). Among the remaining nine patients with 
ventricular tachycardia, none had late potentials in the time 
domain, but one had abnormal frequency spectra. In con- 
trast, of 15 patients with myocardial infarction without 
ventricular tachycardia, 2 had late potentials in the time 
domain and only 1 had abnormal frequencies. They used the 
same window width as in the present study (120 ms), but 
selected its onset based on QRS termination (that is, -20 ms 
to +lOO ms from QRS termination) and not low amplitude 
onset. This did not necessarily encompass the entire late 
potential. They did subtract out the mean value before fast 
Fourier transformation, but did Fourier transformation on 
the vector magnitude instead of averaging individual leads. 
Finally, they normalized high frequency (60 to 120 Hz) to a 
low frequency band (0 to 30 Hz), not the entire 0 to 120 Hz 
energy band we used as a denominator. 
In our experience, analysis of the late potential in the 
frequency domain better identified patients at risk for ven- 
tricular tachycardia. This is suggested by the receiver oper- 
ating characteristic curves for percent high frequency versus 
high frequency duration (Fig. 3), which emphasize that for 
any test there is a loss of specificity with increasing sensi- 
tivity. 
The odds ratio also takes both specificity and sensitivity 
into account. In our laboratory, the odds ratio for detecting 
ventricular tachycardia was superior using frequency analy- 
sis (for percent high frequency ~3.1, odds ratio = 18.4). The 
odds ratio using temporal domain analysis (for high fre- 
quency QRS 2120 ms) was only 8.2. In large series exam- 
ining only the time domain-for long high frequency QRS or 
late potentials-results have ranged widely. For chronic 
coronary artery disease, odds ratios of 2.6 and 21.0 have 
been reported (10,15). After acute myocardial infarction, 
odds ratios for predicting arrhythmic events ranged from 6.3 
to 23.6 (16-18). Clearly, different patient groups, techniques 
of analyzing the ECG and clinical end points influenced the 
results, and only the side by side comparisons of time versus 
frequency analysis referred to above are useful to contrast 
the two techniques. 
However, combining the two analyses by examining both 
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domains separately was useful. For example, if percent high 
frequency was <2.3%, there was not ventricular tachycar- 
dia. If percent high frequency was r3.1%, the odds ratio for 
ventricular tachycardia was 18.4 (even with intraventricular 
conduction delay). Either high frequency QRS duration was 
~107 ms or percent high frequency was ~3.1% whenever 
there was ventricular tachycardia. If high frequency QRS 
duration was 2107 ms and percent high frequency was 
e3.1%, ventricular tachycardia was identified with a speci- 
ficity of 96%. 
Comparison of methodology with previous studies. Our 
analysis is different in certain ways from that in previous 
studies, although the mathematic procedure (fast Fourier 
transformation using a Blackman-Harris window) is com- 
mon to all. The following features may be important in 
differentiating our analysis from others. First, we subjected 
all the low amplitude signal in the late potential to analysis- 
while mostly avoiding the low frequency signals from the 
main QRS-by precisely defining the window onset when 
voltages were ~40 WV. Second, we tried to avoid repolar- 
ization voltage in the ST segment by subtracting out the 
mean value so that the signal processed had a zero direct 
current component. Third, we used a window of fixed 
duration, as shown by Kelen et al. (2), and a width that 
conveniently maximized resolution (wider) without includ- 
ing T wave forces (too wide), as described by Haberl et al. 
(5). Finally, we used zero padding to maximize interpola- 
tions and make a smoother curve, but this last feature may 
not be critical to our findings. 
Our patients with ventricular tachycardia often did not 
have the low root mean square voltage in the terminal QRS 
complex that Simson (13) used to define late potentials in 
patients with ventricular tachycardia. His patients generally 
had ventricular aneurysm. Instead, our patients with ven- 
tricular tachycardia had an increased proportion of terminal 
voltage in higher frequencies and greater percent high fre- 
quency (that is, relatively less of the low frequency voltage 
that makes up most of the QRS forces). The root mean 
square voltage in our patients with ventricular tachycardia 
without Q waves averaged 65.54 pV. In this regard, it is of 
interest that our control patients with coronary artery dis- 
ease without Q waves had a greater root mean square 
terminal voltage than did those with Q waves. although the 
difference was not significant. Perhaps fewer of our patients 
than those in some other series had severe muscle damage, 
in part explaining why we did not find a low root mean 
square terminal voltage in our patients with ventricular 
tachycardia. On the other hand, Pollak et al. (19) and Gomes 
et al. (20) found no inverse correlation of terminal voltage 
with low ejection fraction or wall motion abnormalities. 
Limitations of the study. Our results should not be ex- 
tended to patients with heart disease other than coronary 
artery disease. For example, we have seen older patients 
with idiopathic dilated cardiomyopathy with high percent 
high frequency (60 to 120 Hz), but have not yet assessed the 
significance of this finding. Our results should certainly not 
be used to justify invasive electrophysiologic evaluation in 
the absence of structural heart disease or symptoms that 
suggest a risk for ventricular tachycardia. 
Our results are consistent with those of Lindsay et al. 
(21), who showed that analysis in the frequency domain can 
identify patients with ventricular tachycardia with high spec- 
ificity as well as sensitivity when there is bundle branch 
block. However, the confirmatory value of our data is 
limited because many of our patients with conduction delay 
did not have bundle branch block and all but one were in the 
group with ventricular tachycardia. That conduction delay 
was seen mainly in our patients with ventricular tachycardia 
presumably reflected their ventricular dysfunction, and that 
after myocardial infarction, patients with bundle branch 
block are susceptible to ventricular tachycardia (22). This 
represents one limitation of our study. 
Multiplication by a Blackman-Harris window might not 
have been the best choice to account for edge discontinui- 
ties, because that function attenuates signals at the window 
edge, the beginning and perhaps most critical portion of the 
window we inspected. In this regard, combining Groups II 
and III, high frequency area correlated with low amplitude 
signal duration (r = 0.77, p < 0.0001) (that is, the longer the 
late potential, the greater the high frequency area). How- 
ever, normalizing for total energy in the late potential 
seemed to eliminate this relation (for percent high frequency 
versus low amplitude signal duration. r = 0.21, p = NS). 
This suggests that the entire late potential region, not the 
region of onset of low amplitude signals, is critical. These 
considerations do indicate that further work must be done 
with other windows and window functions. 
Finally, this study does not suggest that the most mean- 
ingful frequency to search for potentially reentrant depolar- 
izations is 60 to 120 Hz. We did not explore other frequen- 
cies, and perhaps the frequency bands 30 to 60 Hz or >I20 
Hz contain the most information. Our results, however, do 
suggest that higher frequencies in late potentials, not their 
duration or reduced voltage, most usefully identify patients 
with coronary artery disease who are prone to ventricular 
tachycardia. 
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